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ORIGINAL  RESEARCH  PROPOSAL  SUMMARY 


Abstract 

The  bottleneck  of  Nanophotonics  has  been  the  lack  of  an  “optical  solder’*  for 
bridging  between  scales  and  dimensions.  Our  objective  is  to  develop  a  new  class  of 
devices  for  lossless  coupling,  based  on  a  new  concept  of  strongly  delocalizing  the  field 
using  nano-tips.  We  intend  to  demonstrate  strong  coupling  between  micron  size  fibers 
and  nano-size  waveguides,  3D  coupling  between  waveguide  and  strong  coupling  to- 
photonic  crystals. 

Our  preliminary  results  show  an  enhancement  of  the  coupling  efficiency  between 
an  optical  fiber  and  a  waveguide  by  one  order  of  magnitude  due  to  the  nano-tip  coupler. 
The  nano-tip  coupler  corresponds  to  the  shortest  SOI-based  mode  converter  with  high 
coupling  efficiency  for  bridging  between  optical  structures  across  size  scales. 

Future  battlefields  environments  require  ultra  compact  integrated  nanophotonic 
structures.  This  novel  class  of  devices  will  enable  applications  for  on-chip,  chip-to-chip 
and  optical  communication  networks.  It  will  open  the  door  to  the  dream  of  integrated  all- 
optical  chips. 

The  expected  budget  is  1 5 OK/year  for  three  years.  The  budget  will  cover  the  effort 
of  one  postdoc,  one  graduate  student  and  one  undergraduate  student. 


Objectives  and  goals 

Bridging  between  nano  and  micron  scale  have  been  a  long  standing  problem  in  the 
photonics  field.  Our  objective  is  to  develop  a  new  class  of  devices  for  lossless  coupling 
between  optical  scales.  We  propose  a  new  concept  for  micron-size  coupling  between 
completely  different  types  of  waveguides,  with  different  geometries  and  scales.  In  this 
proposal  we  intend  to  achieve  coupling  efficiencies  of  up  to  95%  between  fiber  and  nano¬ 
size  waveguide,  and  between  fiber  and  photonic  crystal  waveguide  using  these  novel 
structures.  We  also  intend  to  demonstrate  3D  coupling  between  waveguides  in  different 
planes.  Preliminary  results  show  order  of  magnitude  enhancement  of  coupling 
efficiencies  between  micron- si  zed  fibers  and  nano-scale  waveguides. 

Our  goal  in  this  proposal  is  to  demonstrate 

•  Coupling  between  micron-scale  and  nano-scale  waveguides 

•  Coupling  between  fibers  and  photonic  crystals 

•  3D  coupling  between  waveguides 


TECHNICAL  REPORT 


Confinement  of  light  traveling  in  micron-size  waveguides  into  nm-size  regions 

Using  the  “slot  waveguide”  reported  in  our  previous  report,  we  show  that  light  can  be 
confined  in  sub-wavelength  nm-regions. 

Most  photonic  dielectric  cavities  have  been  traditionally  limited  to  sizes  that  are  on  the 
order  of  the  wavelength  of  light.  Cavities  based  on  photonic  crystals  have  been 
demonstrated  with  mode  volumes  as  small  as  a  few  half  wavelengths  in  each  dimension 
[1-3].  This  lower  bound  on  the  effective  mode  volume  (VcS )  arises  from  a  mechanism  of 

confinement  based  on  interference  effects  and  is  therefore  wavelength  dependent.  Here 
we  show  a  decrease  in  mode  volume  by  several  orders  of  magnitude  over  previous 
dielectric  microcavities  based  on  wavelength  independent  dielectric  discontinuities. 

Reducing  Vefl  in  cavities  enables  one  to  control  the  degree  of  light-matter  interaction  for 

processes  such  as  spontaneous  emission,  non-linear  optical  responses  and  strong 
coupling.  The  control  of  these  interactions  is  crucial  for  applications  in  light  emitting 
devices,  as  well  as  for  optical  switches  and  modulators  [3-7] 

In  order  to  analyze  the  effect  of  the  reduced  mode  volume  on  the  Purcell  effect,  we 
embed  the  waveguide  with  a  slot  in  a  quasi-one-dimensional  microcavity  with  a  relatively 
high  Q.  The  microcavity  shown  in  Fig.  lis  a  460  nm  x  260nm  buried  waveguide  with 
refractive  index  of  3.48  and  a  cladding  index  of  1.46  [3],  The  ID  photonic  crystal  on 
either  side  of  the  cavity  consists  of  five  200  nm  diameter  holes  spaced  360  nm  center-to- 
center  with  a  refractive  index  of  1.46.  The  cavity  length  at  the  center  of  the  structure  is 
880  nm  between  the  hole  centers.  The  slot  at  the  center  of  the  cavity  in  Fig.  1(a)  has  a 
refractive  index  of  1.0  which  is  similar  to  recently  reported  fabrication  [8],  Fig.  1(b) 
shows  the  squared  magnitude  of  the  electric  field  at  the  resonant  wavelength  of  1556.4 
nm  in  the  cross-sectional  plane  at  z  =  130  nm  .  Fig.  1(a)  shows  the  same  cavity  after  the 
introduction  of  a  20  nm  wide  slot  with  a  refractive  index  of  1 .0  in  the  cavity  region.  The 
magnitude  of  the  major  electric  field  component  is  determined  using  finite  difference 
time  domain  (FDTD)  technique  for  the  resonant  mode  in  each  of  the  cavities  (note  that  a 
shift  of  the  resonance  occurs,  from  1556  nm  to  1431  nm,  when  the  slot  is  introduced  due 
to  the  resulting  decrease  in  the  effective  index).  We  calculate  a  decrease  in  y eff  from 

approximately  3.34(/L/2n)’  in  Fig.  1(b)  to  0.042(^/2«f  in  Fig,  1(a).  This  corresponds  to 
nearly  an  80-fold  increase  in  the  Purcell  factor  and  an  increase  in  spontaneous  emission 
rate  for  atoms  in  the  cavity  center  by  more  than  a  factor  of  20.  A  smaller  slot  in  the  same 
materials  could  yield  over  5 00- fold  increase  in  the  Purcell  factor. 


Fig.  I  (a)  Spatial  distribution  of  |  E  j'  from  3D  FDTD  in  the  a  cavity  based  on  a  buried  waveguide 
with  an  embedded  low  index  slot  at  its  resonant  wavelength  of  1431.3  nm,  (b)  Spatial  distribution  of 
|  E  j:  from  3D  FDTD  in  a  quasi-ID  microcavity  based  on  a  buried  waveguide  without  a  slot  for  the 
resonant  wavelength  of  1556.4  nm. 

The  principle  of  reduction  of  effective  mode  volume,  well  below  the  dimensions  of  the 
wavelength  of  light  can  be  applied  to  nearly  every  existing  microcavity  resonator  to 
enhance  not  only  light  emission  but  also  non-linear  effects.  Such  a  reduction  can  enable 
the  demonstration  of  effective  mode  volumes  on  the  order  of  W\AJ2rif  or  smaller  and 
increase  of  Purcell  factor  by  orders  of  magnitude.  This  technique  may  enable  new 
experiments  in  cavity  Quantum  Electrodynamics,  ultra-sensitive  single  atom  detection, 
and  low  threshold  lasers. 
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Abstract 

We  theoretically  demonstrate  a  mechanism  for  reduction  of  mode  volume  in  high  index 
contrast  microcavities  to  below  a  cubic  half-wavelength.  We  show  that  by  using 
dielectric  discontinuities  with  sub- wave  length  dimensions  as  a  means  of  local  field 
enhancement,  the  effective  mode  volume  ( Veff )  becomes  wavelength  independent. 

Cavities  with  Vd/I  on  the  order  of  \0~2  {Xi2n)~y  caw  be  achieved  using  such  discontinuities, 

with  a  corresponding  increase  in  the  Purcell  factor  of  nearly  two  orders  of  magnitude 
relative  to  previously  demonstrated  high  index  photonic  crystal  cavities. 
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Other 
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Ultrasmall  Mode  Volumes  in  Dielectric  Optical  Microcavities 

Jacob  T.  Robinson,  Christina  Manolatou,  Long  Chen,  and  Michal  Lipson 

Department  of  Electrical  and  Computer  Engineering,  Cornell  University',  Ithaca,  New  York  14853,  USA 
(Received  3  May  2005 ;  published  27  September  2005) 

Wc  theoretically  demonstrate  a  mechanism  for  reduction  of  mode  volume  in  high  index  contrast  optical 
microcavities  to  below  a  cubic  half  wavelength.  We  show  that  by  using  dielectric  discontinuities  with 
subwavelength  dimensions  as  a  means  of  local  field  enhancement,  the  effective  mode  volume  (Vefr) 
becomes  wavelength  independent.  Cavities  with  Vtfr  on  the  order  of  10_2{A/2n)+3  can  be  achieved  using 
such  discontinuities*  with  a  corresponding  increase  in  the  Purcell  factor  of  nearly  2  orders  of  magnitude 
relative  to  previously  demonstrated  high  index  photonic  crystal  cavities, 

DOI:  UK  1 1 03/Phy  s  Rev  Let  i.  L>5 . 1 43  L>0 1  PACS  numbers:  42,70,Qs,  328ft- -t,  42.50.Pq.  42,82.-m 


Most  photonic  dielectric  cavities  have  been  traditionally 
limited  to  sizes  that  are  on  the  order  of  the  wavelength  of 
light.  Cavities  based  on  photonic  crystals  have  been  dem¬ 
onstrated  with  mode  volumes  as  small  as  a  few  half  wave¬ 
lengths  in  each  dimension  [1-3],  This  lower  bound  on  the 
effective  mode  volume  (Vcff)  arises  from  a  mechanism  of 
confinement  based  on  interference  effects  and  is  therefore 
wavelength  dependent.  Here*  using  dielectric  discontinu¬ 
ities*  we  show  a  wavelength-independent  decrease  in  mode 
volume  by  several  orders  of  magnitude  over  previous  high 
index  dielectric  microcavities. 

Reducing  Vcff  in  cavities  enables  one  to  control  the 
degree  of  light-matter  interaction  for  processes  such  as 
spontaneous  emission,  nonlinear  optical  responses*  and 
strong  coupling.  The  control  of  these  interactions  is  crucial 
for  applications  in  light  emitting  devices*  as  well  as  for 
optical  switches  and  modulators  [3-7],  Here  we  focus  on 
the  interaction  of  light  with  an  emitter  and  analyze  the 
enhancement  of  the  spontaneous  emission  rate  due  to  the 
decrease  in  Vrff.  The  Purcell  factor  (a  measure  of  the 
spontaneous  emission  rate  enhancement)  for  an  emitter  in 
a  resonant  cavity  is  derived  directly  from  Fermi’s  golden 
rule  [5,6]: 

T  =  tt  f  -  aE(rt)\2)pc((o)pe(a))da},  (I) 

tr  Job 

where  pc{u> )  is  the  density  of  photon  modes  in  the  cavity, 
pc(oi)  is  the  mode  density  for  the  dipole  transition  (mate¬ 
rial  emission  spectrum),  pa  is  the  atomic  dipole  moment, 
and  E{re)  is  the  electric  field  at  the  location  of  the  emitter 
normalized  by  a  factor  a1  =  ^  ^  to  the  zero 

point  energy.  From  Eq.  (1)  we  see  that  for  a  given  emitter 
with  pr(V),  there  are  two  ways  to  increase  the  spontaneous 
emission  rate.  First  one  can  increase  the  cavity  mode 
density  pc((o).  This  is  commonly  measured  as  an  increase 
in  the  cavity  quality  factor  ( Q  —  w0/Aw)  where  w0  is  the 
resonant  frequency  and  Aw  is  resonant  linewidth.  Second 
one  can  increase  the  value  of  the  normalized  electric  field 
at  the  emitter  («£{?,)).  As  we  will  show  below,  this 
amounts  to  decreasing  the  effective  volume  of  the  electro¬ 


magnetic  energy  in  the  resonant  mode  (Veff).  Thus  the 
common  figure  of  merit  for  resonant  cavities  is  the  ratio 
2/Veff  [4.5,8].  This  can  be  seen  from  the  Purcell  factor 
(Fp)  in  Eq.  (2).  From  Eq.  (1)  when  the  emitter  is  paced  at 
the  peak  of  the  electric  field  and  the  cavity  resonant  fre¬ 
quency  equals  the  peak  emission  frequency  (we),  the  ratio 
of  spontaneous  emission  rate  in  the  cavity  compared  to 
bulk  can  be  written  as  [1,5,9] 

f  -  r  _  6Q(A/2n)3  e(rmaJ  max[|E(r)PI 
p  ir  /e(r)|E(r)Prf3r 

_6Q(A/2n)J_  6  Q 

7T^efr' 

where  ;i  is  the  index  of  refraction  at  the  peak  field  (r^L 
We  define  the  normalized  unitless  effective  mode  volume 

as: 


_  /  e(/)|£(r)|2<f3r  /2n(r  max)V 

f(w)  niax[|  E(r)|2]\  A  / 

where  ?mas  is  the  location  of  the  maximum  squared  field.  It 
is  important  to  note  that  Eq.  (2)  is  valid  under  the  condition 
that  the  cavity’s  resonance  linewidth  is  greater  than  the 
emission  linewidth  of  the  active  element  [1,5].  When  the 
resonance  linewidth  of  the  cavity  is  much  smaller  than  that 
of  the  emitter  (as  is  the  case  at  room  temperature  for 
high-g  cavities  in  rare-earth-metal-doped  materials). 
p(.(w)  in  Eq.  (1)  is  replaced  by  S(wf),  In  this  regime  the 
“material  Q"  ( Qm  =  wf/Aidf  where  Awf  is  the  linewidth 
of  the  emitter)  replaces  the  cavity  Q  in  Eq.  (2)  [1],  Thus 
increasing  the  cavity  Q  has  no  effect  on  the  spontaneous 
emission  rate.  The  only  means  of  increasing  the  sponta¬ 
neous  emission  rate  in  this  regime  is  to  decrease  Vcff, 
Recently  donor-type  photonic  crystal  cavities  have  shown 
reduced  Peff  by  localizing  light  in  a  low  index  defect  region 
[n(rmax)  =  1.0]  [10].  While  there  has  been  much  advance¬ 
ment  in  creating  resonators  with  high  Q  factors  [2,1 1,12], 
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little  progress  has  been  made  in  creating  mechanisms  for 
decreasing  Ve(f.  In  this  work  we  demonstrate  a  method  for 
reducing  Veff  by  systematically  increasing  the  maximum 
value  of  the  normalized  squared  field  (  )  in 

Eq.  (3). 

We  achieve  an  increase  in  the  normalized  maximum 
field  by  using  sub-wavelength-sized  dielectric  material 
discontinuities  [13].  For  example,  consider  a  one¬ 
dimensional  high  index  contrast  slab  [Fig.  1(a)]. 
Figure  1(d)  shows  the  field  distribution  of  the  fundamental 
mode  in  this  structure  for  an  electric  field  polarized  normal 
to  the  interface.  One  can  introduce  an  infinitesimal  low 
index  slot  at  the  location  of  peak  intensity  oriented  per¬ 
pendicular  to  the  electric  field  polarization.  Figure  1(b) 
shows  an  example  of  this  slot  introduced  in  a  one¬ 
dimensional  slab.  We  recall  from  Maxwell’s  equations 
that  the  normal  component  of  the  electric  displacement 
{/})  is  continuous  across  the  boundary  of  two  dielectrics, 
thus  eLEL  =  €hEh  where  L  and  H  denote  low  and  high 
refractive  index  regions,  respectively.  Figure  1(e)  shows 
the  new  eigen  mode  of  the  slab  waveguide  after  the  intro¬ 
duction  of  a  narrow  slot.  The  unitless  effective  mode 
volume  in  a  waveguide  with  an  infinitesimal  slot  is  given 
by: 


,  _  /  c(r)|E(r)|2d3/:/2nt,\ 
c,f  \  ^  / 


where  E0  is  the  maximum  value  of  the  field  in  the  high 
index  before  introducing  the  slot.  The  infinitesimal  slot  has 
a  negligible  effect  on  the  integral  in  the  numerator;  there¬ 
fore,  the  ratio  of  unitless  mode  volumes,  or  the  Purcell 


factors  [see  Eq.  (2)],  before  and  after  the  introduction  of  a 
slot  is  approximately  given  by 


fs.Sa.fitV'2. 

FP  ^eff  \eff/ 


(5) 


The  above  decrease  in  effective  mode  volume  is  wave¬ 
length  independent  and  can  represent  more  than  an  order  of 
magnitude  reduction.  For  example,  using  dielectric  mate¬ 
rials  such  as  air  (e  =  1)  and  amorphous  silicon  in  the 
infrared  (e  =  1 3.9)  results  in  a  reduction  in  Veff  by  a  factor 
of  over  700.  Because  of  the  normalization  to  the  bulk 
spontaneous  emission  rate  in  the  Purcell  factor,  the  radia¬ 
tive  decay  rate  in  the  cavity  is  proportional  to  the  Purcell 
factor  times  the  bulk  index.  This  bulk  index  is  different  for 
the  cavity  with  and  without  the  slot  since  the  emitter  is 
embedded  in  different  bulk  materials  (nH  for  the  cavity 
without  the  slot  and  with  nL  for  the  cavity  with  the  slot). 
Thus  the  increase  in  the  spontaneous  emission  rate  at  the 
peak  field  resulting  from  the  introduction  of  the  slot  is 
given  as: 


r  v;ff  \n„)  UJ’ 


(6) 


Field  enhancement  in  the  low  index  region  of  slot  wave¬ 
guides  has  recently  been  demonstrated  experimentally  in 
[14]  showing  over  30%  of  the  power  contained  in  the  slot 
region.  In  Figs.  1(e)  and  1(f)  we  show  the  field  distribu¬ 
tions  in  a  slab  waveguide  with  two  different  slot  widths 
shown  in  Figs.  1(c)  and  1(d).  As  the  slot  width  increases  the 
mode  no  longer  resembles  the  original  mode  with  a  dis¬ 
continuity,  but  becomes  more  confined  to  either  side  of  the 


w  =0  w  =  0.001  /./n,,  w  =  0.2  Wrv 

S  s  H  s  H 


A/n, ,  X!  nu  A/nu 

H  n  n 

FIG.  1  (color  online).  (a>— (c)  The  index  profile  for  the  slab  waveguide  with  embedded  low  index  slot  regions  of  various  slot  widths 
(vi’j).  (d)— (f )  The  field  distribution  of  the  fundamental  mode  in  the  slab  waveguide  for  various  values  of  w,.  The  electric  field  is 
polarized  normal  to  the  interface.  E0  is  the  maximum  value  of  the  electric  field  for  the  slab  with  no  slot  and  in  is  the  ratio  nH/nL. 
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FIG.  2  (color  online)*  The  ratio  of  the  effective  mode  volume 
of  a  slot  waveguide  compared  to  a  slab  waveguide  for  An  =  1.5 
(circles).  An  =  2.5  (triangles),  and  An  =  3.5  (squares),  where 
An  is  the  ratio  of  high  to  low  refractive  indices.  The  slab 
thickness  is  k/nH. 


high  index  material.  We  plot  in  Fig.  2  ^4  as  a  function  of 

slot  width  for  a  cavity  in  which  the  field  is  confined  in  a 
slab  waveguide  of  width  A/2nw  for  various  index  contrasts 
( An  =  *J7hT71).  From  Eq.  (5)  we  see  this  ratio  is  equiva¬ 
lent  to  the  ratio  of  Purcell  factors  in  the  nonslot  and  slot 
cavities.  As  the  width  of  the  slot  narrows  the  relative 
decrease  in  approaches  the  dashed  lines  which  repre¬ 
sent  the  theoretical  limit  of  An-5  given  in  Eq.  (5). 

In  order  to  analyze  the  effect  of  the  reduced  mode 
volume  on  the  Purcell  effect,  we  embed  the  waveguide 
with  a  slot  in  a  quasi-one-dimensional  microcavity  with 
Q~  102.  The  microcavity  shown  in  Fig.  3(b)  is  a 
460  nm  X  260  nm  buried  waveguide  with  refractive  index 
of  3.48  and  a  cladding  index  of  1.46  [3],  The  ID  photonic 
crystal  on  either  side  of  the  cavity  consists  of  five  200  nm 
diameter  holes  spaced  360  nm  center  to  center  with  a 
refractive  index  of  1.46.  The  cavity  iengih  at  the  center 
of  the  structure  is  880  nm  between  the  hole  centers.  The 
slot  at  the  center  of  the  cavity  in  Fig.  3(a)  has  a  refractive 
index  of  1.0  which  is  similar  to  recently  reported  fabrica¬ 
tion  [14],  Figure  3(b)  shows  the  squared  magnitude  of  the 
electric  field  at  the  resonant  wavelength  of  1 556  nm  in  the 
cross-sectional  plane  at  the  waveguide  center  (z  = 
130  nm).  Figure  3(a)  shows  the  same  cavity  after  the 
introduction  of  a  20  nm  wide  slot  with  a  refractive  index 
of  1.0  in  the  cavity  region.  The  magnitude  of  the  electric 
field  is  determined  using  3D  finite  difference  time  domain 
(FDTD)  technique  to  calculate  the  resonant  mode  in  each 
of  the  cavities  (note  that  a  shift  of  the  resonance  occurs, 
from  1556  nm  to  1431  nm,  when  the  slot  is  introduced  due 
to  the  resulting  decrease  in  the  effective  index  of  the 
cavity).  Using  Eq,  (3)  and  the  results  of  the  3D  FDTD 
we  calculate  a  decrease  in  Veff  from  approximately 


-2-10  1  2 
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FIG.  3  (color  online),  (a)  |E]2  field  spatial  distribution  from  3D 
FDTD  in  the  a  cavity  based  a  on  buried  waveguide  with  an 
embedded  low  index  slot  at  its  resonant  wavelength  of 
1431.3  nm.  (b)  |E|2  field  spatial  distribution  from  3D  FDTD  in 
a  quasi- ID  microcavity  based  on  a  buried  waveguide  without  a 
slot  for  the  resonant  wavelength  of  1556.4  nm. 


3,34(A/2n)3  in  Fig.  3(b)  to  0,042(A/2n)3  in  Fig.  3(a). 
From  Eq.  (5)  this  corresponds  to  nearly  an  80-fold  increase 
in  the  Purcell  factor  and  an  increase  in  spontaneous  emis¬ 
sion  rate  for  atoms  in  the  cavity  center  by  more  than  a 
factor  of  20,  Note  from  Eqs.  (5)  and  (6)  that  the  increase  in 
the  Purcell  factor  is  larger  than  the  increase  in  the  sponta¬ 
neous  emission  rate  by  a  factor  of  nH/nL.  The  increase  is 
smaller  than  the  one  predicted  from  Eqs.  (5)  and  (6)  due  to 
the  finite  width  of  the  slot.  A  smaller  slot  in  the  same 
materials  could  yield  over  500-fold  increase  in  the 
Purcell  factor.  The  Q  factor  [determined  by  measuring 
the  intensity  decay  rate  of  the  cavity  mode  (1  /rp)  where 
Q  —  o)Tp  [15]  ]  is  slightly  lowered  by  the  introduction  of 
the  slot,  decreasing  from  305  to  175.  Optimization  of  the 
cavity  to  better  confine  the  new  mode  could  be  used  to  raise 
the  new  Q  factor  [16], 

Note  that  the  Purcell  formalism  described  above  in 
Eqs.  (1)  and  (2)  is  valid  in  the  regime  in  which  the  field 
does  not  vary  significantly  over  the  size  of  the  emitter.  To 
verify  the  proposed  structure  is  indeed  in  this  regime,  we 
compare  the  field  decay  length  in  the  slot  ( 1  / y,,)  to  the  size 
of  the  emitter.  Taking  A  to  be  1.55  p.m,  for  slots  ranging 
from  0.001  to  0.2  A/2 nH.  \/ys  is  about  3  orders  of  magni- 
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aide  larger  than  the  size  of  an  atom  or  ion-based  emitters. 
Thus  these  structures  are  well  within  the  regime  described 
by  Eq.  (1)  [13],  Also  note  that  throughout  the  Letter  we 
assume  that  the  coupling  of  the  cavity  to  the  emitters  is  in 
the  weak  coupling  regime;  i,e„  the  photon  lifetime  (rp)  is 
much  smaller  than  the  inverse  of  the  emitter-cavity  cou¬ 
pling  frequency.  In  the  present  work,  for  realistic  sub- 
micron  cavities  with  Q  —  103  (rp  —0.8  ps)  we  are  well 
within  this  regime. 

The  principle  of  reduction  of  effective  mode  volume, 
well  below  the  dimensions  of  the  wavelength  of  light,  can 
be  applied  to  nearly  every  existing  microcavity  resonator  to 
enhance  not  only  light  emission  but  also  nonlinear  effects. 
Examples  of  emitters  embedded  in  low  index  media  that 
could  be  used  are  gas-phase  atoms  and  rare-earth-metal- 
doped  oxides.  Such  a  reduction  can  enable  the  demon¬ 
stration  of  effective  mode  volumes  on  the  order  of 
10“a(A/2n)3  or  smaller  and  increase  the  Purcell  factor 
by  orders  of  magnitude.  This  technique  may  enable  new 
experiments  in  cavity  quantum  electrodynamics,  ultrasen¬ 
sitive  single  atom  detection,  and  low  threshold  lasers. 
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